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ABSTRACT 

We present results of an Ha survey in the rich cluster A 1689 at z = 0.18, using the 
LDSS++ spectrograph on the AAT. We obtained spectra covering redshifted Ha at 
z = 0.16-0.22, for 522 galaxies brighter than / = 22.5, covering a field of 8.7'x8.7'(- 
l.lxl.l/i^^ Mpc at z = 0.18). We securely detect Ha emission in 46 of these galaxies; 
accounting for selection effects due to sampling and cluster membership, we determine 
that 24 ±4% of cluster members brighter than Mpj — —16.5 + 5 log ft, are detected with 
Ha flux greater than 4/i^^ x 10'^^ ergs s"^. This corresponds to a limiting star formation 
rate of 0.008 h~^MQ yr~^, assuming 1 magnitude of dust extinction. Our observations 
are sufficiently sensitive to detect galaxies with star formation rates comparable to 
that of the Milky Way 3Mq yr~^), unless they are obscured by more than 7 
magnitudes of extinction. From a Hubble Space Telescope mosaic covering 7.5' x 10.0', 
we determine morphologies for 199 galaxies brighter than 1 — 21, and find that ~20% 
of the cluster members are of type Sa or later. More than 90% of cluster spirals show 
Ha emission, compared with less than 10% of E and SO galaxies. The cluster Ha 
luminosity function has a low normalisation relative to the z ~ 0.2 field, by 50%, 
after accounting for the different fraction of spiral galaxies in the two environments. 
When compared with local field galaxies, this suggests that star formation activity 
is suppressed in early-type cluster galaxies, relative to their field counterparts. Our 
sample includes 29 galaxies previously observed with ISOCAM at 6.7/im and 15/im. 
We detect all 15/zm sources at Ha, so there is no evidence for any star formation 
completely hidden at Ha. Comparing the 15/xm and Ha fluxes, we flnd evidence that 
some mid-infrared-detected galaxies could be obscured by as much as 3 magnitudes 
of extinction at Ha, although this depends on the largely unknown contribution from 
any AGN-heated dust to the mid-infrared flux. 
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1 INTRODUCTION 

There is an increasing body of observational evidence that 
star formation in the cores of galaxy clusters is much lower 
than that in the surrounding field, whatever the redshift 
(e.g., iBalogh et al. 1997|, |l998t [Poggianti et al. 1999| ; |Mar- 



tin et al. 200C; Couch et al. 2001, hereafter Paper I). Al 



though there is evidence that higher redshift clusters have 
a larger population of late-type, curren t or recently star- 
forrn i ng galaxies than local clusters (e.g., Butcher fc Oemlei 



et al. 2001; Kodama fc Bower 2001), a similar increase in 



activity is also seen in the fi eld (Lilly et al. 199f:; Madau 
et al. 1996; Cowie et al. 199S:). Thus, the increase in cluster 



activity with redshift could simply reflect this , modulated 
by the changing rate of infall onto the clusters ( Bower 1991 ; 
EUingson et al. 200l[). 



However, most of the spectroscopic evidence for current 
or recent star formation in moderate to high redshift clus- 
ters comes from observations of the [Oll]A3727 emission line. 
Unfortunately, [On] emission is sensitive to b o th metallicity 
effect s and dust extinction (Kennicutt 1998; Jansen et al 



1984|; C rouch et al. 1998t [Dressier et al. 1997 ; Margoninei 200C ), and in both these respects the Ha emission line pro- 



vides a superior indicator of star formation. At moderate 
redshifts, however, Ha is redshifted into a wavelength regime 
dominated by bright sky lines, and its observation requires 
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selecting a cluster f or which Ha lies in a w indow between 
these lines (Paper I; [Balogh fc Morris 2000|). 



There remains the intriguing possibility that a substan- 
tial amount of star formation (in clusters and elsewhere) is 
obscur ed by dust, thus rendering even Ha surveys incom- 



plete ( Blain ct al. 1999 ; Small et al 
Owen 



999 



1999 



Dwarakanath & 



Poggianti fc Wu 2000). Dust heated by star 



formation activity will radiate at mid-infrared (MIR) wave- 
lengths, and thus such optically-obscured star formation 
may be recovered in MIR surveys. Evidence suggests that 
most of the MI R emission in local spiral galaxies is due to 



star formation (Genzcl et al. 1998; Lutz et al. 1995; Fadda 



et al. 2( 02; Roussel et al. 2001), but this is still controversial 
because the spectral shape of any con tribution to the M IR 
from AGN- heated dust is uncertain (Tran et al. 2001). If 
most of the MIR emission originates from starburst-heated 
dust, then observations suggest that much of the star for- 
mation in the universe is op t ically obscured by this dust 
( Rowan- Robinson et al. 1997 ; Flores et al. 1999 ; Roche & 
Eales 199£; Rigopoulou et al. 2000). Further complicating 



the issue is that the MIR population evolves strongly with 
redshift, which could indicate that the relative contributions 
of AGN- a nd starburst-heated d ust are strongly redshift 
dependent (Almaini et al. 199!:; Fabian fc Iwasawa 1999 



Alexander et al. 2001; Wilman et al. 2000). Such complica- 



tions make the analysis and interpretation of current MIR 

surveys time- consuming. 

Recently, p^adda et al. (200C| ) presented /SOCAM obser- 
vations of the z = 0.18 cluster A 1689 at 6.7/im and 15^m. 
At the cluster redshift, the 6.7/im filter covers the tail of 
stellar emission and aromatic carbon compounds associated 
with star formation, whil e the IS^tm filter is dominated by 
the hot dust contirmum. Fadda et al. (2000) showed that 
A 1689 contains an excess of 15/im sources relative to lo- 
cal clusters, suggesting that the cluster hosts a population 
of dusty starburst galaxies. We observed A 1689 in April 
2001, with the u pgraded Low Dispersion Survey Spec tro- 
graph (LDSS-f+, [Glazebrook fc Bland-Hawthorn 200l|) on 



the 3.9m Anglo- Australian Telescope (AAT), as part of a 
larger program to measure Ha in a diverse sample of four 
z ~ 0.2 — 0.3 clusters (see Paper I for initial results). Our ob- 
servational technique allows deep, efficient measurements of 
Ha to be made, and moreover gives precise dynamical infor- 
mation and allows us to identify the presence of AGN from 
the relative strength of the adjacent [Nil] line. In this pa- 
per we present the results of these observations, comparing 
the population of emission line galaxies with the surround- 
ing field and also our previously published Ha survey of the 
z = 0.31 cluster AC114 (Paperl) . These observations in- 



clude 2 9 ga laxies which were detected in the MIR by Fadda 



et al. (i OOC ), which provides the opportunity to compare Ha 
and MIR fluxes for a well defined, volume-limited sample. 

The paper is organized as follows. Our spectroscopic 
observations with LDSS-I--I-, including the measurement of 
Ha and the statis tical correction for the sampling strategy, 
are described in § ^.l[ The Hubble Space Telescope (HST) 
observations are des cribed in §2.2, and the data catalogue 
is presented in 



2.3 



In §^ we present the Ha detections 
and their dependence on cluster radius, galaxy morphol- 
ogy, and MIR luminosity. The implications of the results 
are discussed in detail in sQ, and summarized in the con- 
clusions, §P Throughout the paper we assume a cosmology 



with f^A = 0.7, D,m = 0.3, and parameterise the Hubble pa- 
rameter as Ho — 100/i km s"'^ Mpc~^. 



2 OBSERVATIONS, REDUCTIONS AND 
ANALYSIS 

2.1 LDSS++ Spectroscopy 

2.1.1 Mask design and observations 

The observations were made on the nights of 2001 April 
23-24, using the LDSS-I-I- on the AAT. We use the nod- 
and-shuffle technique described in Paper I, which allows 
for high-precision sky-subtraction in the presence of time- 
varying night-sky emission, and obviates the need for long 
slits (in order to get good sampling of the sky adjacent to 
the object); consequently, it is possible to work with very 
small apertures (circular micro-slits of 2" diameter) in the 
focal plane mask and thus observe many more objects si- 
multaneously. The dispersion is ~ 2.7 A per pixel, with a 
spectral resolution ~ SA FWHM. As in Couch et al., we 
use a blocking filter to restrict our spectral coverage to the 
wavelength window in which the Ha emission from cluster 
members would be seen, A — 7600A-8000A. This enables us 
to overlap microslits in the wavelength direction, and hence 
to further increase the multiplex gain. The average cluster 
redshift is z = 0.183, with a ve locity dispersion of cr ~ 1989 
km s^^ ( [Struble fc Rood 1999 ), although this latter value is 
likely inflate d due to the presence of substructure along th e 
line of sight ( [Girardi et al. 1997| ; |Clowe fc Schneider 200"l| ). 
The 3 — a membership limits are then z — 0.159-0.206. Ha 
will fall into our band limiting fllter for z = 0.158-0.224; 
therefore we will detect Ha in some background galaxies. 

A single LDSS-I--I- mask was created, with galaxy tar- 
gets selected from a deep /-band image taken with the Eu- 
ropean Southern Observatory's New Technology Telescope 
(NTT) in 0'.'9 seeing conditions. We first allocated slits to 
34 MIR sources (29 of which turned out to be galaxies), the 
maximum number possible with a single mask, comp rising 



apr 

Fadda et al. (2000| ). The 



75% of the sample published by 
remaining slits were assigned randomly to galaxies brighter 
than I = 22.5, with higher priority given to brighter galax- 
ies. In total, we allocate 559 microslits over the full 8.7' x 8.7' 
(1.1 X 1.1 /i"^ Mpc at 2 = 0.18) field-of-view of LDSS-h-H. 

The observations were obtained in reasonable weather 
conditions, with a total exposure time of 19.5 ks, of which 
half was on the objects and half on sky. To overcome the 
50% losses due to having to obtain sky observations through 
the mask, we also experimented with placing mask holes in 
the position of the galaxy in the nominal "sky" position 
(5" north of the target). However, none of these 76 posi- 
tions yielded useful additional data, possibly due to guiding 
problems when off-target, so we have removed them from 
the present analysis. To ensure that our su rvey sampled even 
the most compact cluster members (e.g., Drinkwater et al 



1999), we were deliberately conservative in our star-galaxy 



separation, and subsequent comparison with HST imaging 
revealed 37 of our targets to be stars. Thus, our final sample 
consists of spectra for 522 galaxies. 

The data reduction for nod-and-shuffie observations is 
very simple, requiring only that the spectra obtained from 
the two nodded positions be subtracted from one another. In 
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Paper I we noted that difFerences in scattered light across the 
detector meant the continuum level in the sky-subtracted 
object was uncertain, and had to be corrected for. For the 
data in the present paper, we subtracted a surface fit to 
the background light on the detector, rejecting light from 
the slits themselves. This removes the scattered light prob- 
lem, and no further correction was necessary. Wavelength 
calibration is based on four lines from a CuAr arc lamp. 



2.1.2 Flux Calibration 

The conversion from detector counts to flux was achieved us- 
ing the procedure described in Paper I. Nine galaxies with 
colours typical of early-type cluster members were identi- 
fied, five of which are confirmed morphologically to be early- 
types. The galaxies are relatively isolated, and cover the 
magnitude range I — 16.4-18.4. The /-band flux within a 
2" diameter aperture, corresponding to our microslit size, 
is computed from the NTT image, convolved to match 
the ~ 2" seeing of the spectroscopic observations. This is 
converted to flux units at A = 7700A, assuming a spec- 
tral shape fi, oc which is consistent with the ob- 
served V — I ~ 1.6 colours of these galaxies. This flux 
is compared with the average counts per A in the spec- 
trum, over A = 7700A-8000A. The cahbration factor is 
(2.0 ± 0.4) X 10"^'' ergs s~^ cm~^ counts"^, where the un- 
certainty represents the scatter between the nine galaxies. 
Note that this calibration indicates a factor ~ 4.3 increase 
in sensitivity relative to our AC114 observations (Paper I), 
reflecting the superior seeing conditions and transparency 
during which the A 1689 data were obtained. Measurements 
are not corrected for aperture effects or dust extinction. We 
note that there is no apparent correlation of flux calibration 
with position on the detector, over and above the uncertain- 
ties of the calibration itself. 

Star formation rates are calculated from Ha lumi- 
nosities Lna, using the relation SFR(M0yr~^) = 2.0 x 
10~'^^ LHa(ergs s~^) in cluding 1 magnitude of dust extinc- 
tion ( Kennicutt 1998| ). Note that, throughout this paper, 
Ha fluxes are presented as measured, while this average, 
estimated dust correction is applied to the star formation 
rates. 



2.1.3 Ha Detection and measurement 

As in Paper I, the detection of Ha emission lines in our 
spectra was done manually. Each spectrum was examined 
in its 2-D and optimally extracted 1-D form, while blinking 
with the corresponding sky spectrum. At the cluster red- 
shift z — 0.181, Hq lies in the middle of a forest of OH 
emission lines in the night sky spectrum. However, the nod- 
and-shufHe technique greatly reduces the number of night 
sky line residuals that remain over and above expected Pois- 
son noise, after sky subtraction. In addition, the 2-D images 
are very useful for distinguishing real emission lines from 
noise fluctuations near bright sky lines, as the flux from real 
features is spread over more pixels. 

Each spectrum was first examined and classified inde- 
pendently by MLB and WJC. The two lists were then com- 
pared, and discrepancies were re-examined. The majority 
of discrepancies were quickly resolved. Case I galaxies are 



those with a clear Ha detection, and at least one other emis- 
sion line to confirm that the identification is correct. Usu- 
ally these supporting lines were one of the [Nn]AA6548,6583 
lines; sometimes the [Sll] AA6717,6731 lines were also visible. 
Emission lines with no supporting lines, or which could not 
be confidently distinguished from sky residuals, are defined 
as Case H, and are less secure detections. Where possible, 
we compared our detections wi th the redshifts subsequently 
published by Due et al. (2002). This revealed only one Ha 



identification (a Case H object) to be incorrect, as it was in 
fact an [Olll]A5007 emis sion line. Our rcrn aining detections 
are consistent with the Due et al. (2002) redshifts where 
available; in cases where the Due et al. redshift confirms a 
Case H detection, we upgrade the quality to Case I. 

We then measure the strength of the Ha and adjacent 
[Nil] lines by fitting a line to the continuum blueward and 
redward of the three lines, and summing the flux above the 
continuum over the relevant line bandpass. Specifically, for 
Ha, we compare the flux at A = 6555 A-6575A with the 
fit to the continuum at A = 6510 A-6540A and A = 6590 
A-6620A. For [Nll]A6583, we define the feature at A = 6577 
A-6589A, with the same continuum regions as Ha. The er- 
ror vector is computed from the sky and object spectra, tak- 
ing into account the gain (0.37 e~ per ADU) and read noise 
(1.8 e~ per pixel) of the detector. We use this error vec- 
tor to calculate accurate uncertainties on the measured line 
fluxes. No correction is made for stellar absorption. Typ- 
ically, the contribution from absorption is expe cted to be 
~< 5 A ( [Kennicutt 1992| ; [Chariot et al. 2002| ), although 
the true correction depends on the past star formation his- 
tory. The Ha fluxes are only significantly (> 20%) underes- 
timated when the measured equivalent width is comparable 
to the absorption correction. 

The spectra are sky-noise dominated; thus the r.m.s. 
in a feature-free region of the continuum gives a reason- 
able estimate of the noise level, independent of galaxy flux. 
Indeed, we find the r.m.s. of a random sample of galax- 
ies to be approximately constant, at ~ 40 counts per pixel, 
although there is some dependence on wavelength, due to 
the presence of bright emission lines in the sky spectrum. 
A typical Ha emission line has a FWHM of ^ 6 pixels; 
a 3(T detection therefore corresponds to 3 x 40/\/6 ~ 50 
counts above the continuum. From the flux calibration com- 
puted in 



2.1.2 



our detection limit is thus approximately 



1x10" 



or Ah 

From Kennicutt (199^), including 



ergs s cm 



^ X 10^** ergs s 



at 2 = 0.18. 
magnitude of extinc- 
tion, this flux corresponds to a star formation rate of 0.008 
h~^MQ yr~^. We therefore expect that Ha emission from 
galaxies with star formation rates comparable to that of the 
Milky Way (~ 3Mq yr~^), will be detected unless they are 
obscured by more than seven magnitudes of extinction at 
Ha. This work represents the deepest Ha observations at 
2: 2> to date; locally the only observations which are com- 
parable i n depth are the very recent da ta on Coma and Abell 
1367, by [Iglesias-Paramo et al. (2002[). 



2.1.4 Statistical Weights 

To reliably compute global properties of the cluster our 
galaxy sample needs to be weighted by two factors. The 
first, which we call the sampling rate, accounts for the fact 
that only a fraction of the galaxies in the /—selected sample 



4 Balogh et al. 



were observed spectroscopically. In addition, some fraction 
of the galaxies observed, but for which Ha was not detected, 
will not be cluster members, but rather belong to the fore- 
ground or background field. This "membership" correction 
is only applicable to galaxies which are not detected in Ha, 
since their redshifts are unknown. Both of these weights de- 
pend on galaxy /-magnitude and projected radius from the 
cluster centre. 

The sampling rate as a function of I magnitude is shown 
in Figure All galaxies need to be weighted by the inverse 
of this fraction, to account for the frequency of such galaxies 
in a complete, magnitude limited spectroscopic survey. To 
determine the membership correction, we compare the num- 
be r counts in our J-band image with the field number counts 
of [Metcalfe et al. (200l[ ). The expected fraction of cluster 
members determined in this way is also shown in Figure 
Some of that expected fraction are actually detected in 
Hq; thus, to determine the fraction of Yia- undetected galax- 
ies which are expected to be cluster members we need to 
subtract the fraction of detected galaxies from the expected 
fraction of cluster members. We present this in Figure |^, 
where the fraction of Ha-detected galaxies is shown as a 
function of 7-band magnitude. The solid points show the 
difference between the cluster membership fraction and the 
detected fraction; this gives the fraction of galaxies unde- 
tected in Hq that are expected to be members. 

The combination of these two luminosity-dependent 
weights (depending on whether or not Hq is detected) is 
called A similar weight, Wrad, is computed to correct 

for the variation in sampling and membership with radius, 
as shown in Figure We renormalise w^ad so that the sum 
of the total galaxy weights, wium x Wrad, is equal to the sum 

of Wlum- 

There is potentially another selection bias, as radial an- 
nuli are incomplete at radii beyond ~ 175 arcsec, due to the 
rectangular geometry of the detector. Thus, galaxies at large 
radii are underrepresented in the photometric catalogu e. I n 
the absence of a strong radial gradient, however (see §3.2), 
this does not have a significant effect on our results. 



2.2 Hubble Space Telescope Data 

The HST WFPC2 imaging of A 1689 was obtained from the 
ST-ECF archive. These data come from the Cycle 5 pro- 
gramme, GO 5993, and comprise a total of 30 orbits expo- 
sure on 15 pointings spread across a 7.5' x 10.0' field centred 
on the cluster core. Each of the 15 pointings was observed 
in two exposures totalling 2.3 ks in the F814W (/814) pass- 
band and a further two exposures totalling 1.8 ks through 
the F606W (Veoe) filter. These four exposures were each 
spatially offset by integer pixel shifts. Unfortunately, with 
only two exposures in a given passband it is difficult to 
reliably reject cosmic ray events and hot pixels when pro- 
cessing the images. For this reason we chose the unusual 
step of combining both passbands into a single composite 
F606W-I-F814W image. This combination benefits from the 
close similarity of galaxies between the two passbands; for 
galaxies at the redshift of the cluster the range in colours is 
only Veoe - hu = 0.7-1.1 for SEDs spanning Scd to E/SO. 
Thus by suitably scaling the two passbands we can combine 
them to produce cosmetically clean images for the bulk of 
the galaxies used in our analysis. These data have been pre- 



viously used in the analysis of 750 CAM sources in the field 
of A 1689 by |Duc et al. (2002| ). 

We subsequently calibrate this image onto the /-band 
using our ground-based imaging, which also provides abso- 
lute astrometric calibration. The final mosaic covers a field 
of 69 sq. arcmin with 0.17" resolution, a per-pixel exposure 
time of 4.1 ks and an effective point-source sensitivity limit 
of / ~ 26. 

The morphologies of the brighter galaxies in the HST 
field (/ < 21) have been visually classified by one of 
us (WJC) onto the re vised Hubble sch eme used by the 
MORPHS project (see ^mail et al. 1997|). The presence of 



close neighbours, or signs of interactions such as tidal tails, 
were also noted. 



2.3 The Catalogue 

Our data and derived quantities are available electronically 
from MNRAS; a sample is shown in Table ^ Galaxies are 
identified by a unique number (column 1) and their J2000 
coordinates (columns 2-3). The identification numbers be- 
low 50 corre spond to the identi fication numbers in the MIR 
catalogue of Fadda et al. (200C). The /—band magnitude is 
given in column 4 and, where Ha is detected, we show the 
quality classification (I or II), redshift and fiux in columns 
5-7. The corresponding [Nil] flux is given in column 8, and 
derived star formation rates are in column 9. Morphologi- 
cal classifications, based on the HST images, are listed in 
column 10. 



3 RESULTS 

3.1 Ha-Detected Galaxies 

Ha emission was detected in 60 of the 522 galaxies observed. 
Forty-six of these are Case I detections, 42 of which lie 
within z — 0.159-0.206 and are therefore associated with 
the cluster. Correcting for sampling frequency and cluster 
membership (§2.1.4), the fraction of Case I detections is 
24 ± 4%. This is comparable to the high fraction of blue 
galaxies brighter than R = 22.7 (at lea st 15%, possibly as 
high as 25%) found by [Puc et al. (2002[ ). 

The Ha luminosity function (HaLF) is shown in Figure 
^ for both Case I and II detections. We impose a magnitude 
limit of / < 22.5 and adopt a cluster membership criteria 
of z = 0.159-0.206. Applying the s ampling and membership 
corrections as discussed in §2.1.4, to the 504 galaxies ob- 



served with / < 22.5, we expect 328 cluster members in a 
complete sample to thi s depth. Conside ring only the Case I 
detections, the best fit Schechter (197C) parameters of this 
distribution are a ~ —0.1, L* ~ lO*" " ergs s~^, steeper and 
with a fainter L* than the recently measu red local cluster 
L* 



HaLF (a 



-0.7, 



10* 



et al. 2002) 



ergs s 



[glesias-Paramo 



We now compare the cl uster HaLF with that o f the field 
at 2 ~ 0.2, from the CFRS ([Tresse fc Maddox 1998|, hereafter 



TM98). To compute the normalisation, we first note that the 
luminosity range covered by the CFRS is similar to ours. 
The CFRS samples galaxies with -23.5 < Mb^b < -15.5 
mag {h — 1) : using the typical co lour of a Sbc galaxy 
at 2 = 0.2 (Fukugita et al. 1995), this corresponds to 
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Figure 1. The determination of luminosity-dependent selection weights applied to the data, (a) The open symbols are the fraction of 
galaxies in our 7-band NTT image for which we obtained a spectrum. All galaxies need to be weighted by the inverse of this number to 
estimate the corresponding number in the full photometric catalogue. Solid symbols are the fraction of galaxies expecte d to be cluster 
mem bers as a function of / magnitude, computed as the difference between our number counts and the field counts of [Metcalfe et al. 



(200l|)~|rhe total number of galaxies in the sample is shown as the histogram, with scale on the right axis, (b) Open symbols are the 
fraction of Case I Ha detections, as a function of /-band magnitude. The solid points show the difference between the expected fraction 
of cluster members and the fraction of Ho detections. Only galaxies which are not detected in Ha need to be weighted by this number, 
to account for field contamination, (c) As panel (a), but for the radial-dependent selection function. 



Table 1. 



Sample A 1689 Data 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


Id 


R.A. 


Dec 


I 


Ha 


Redshift 


Ha flux 


[Nii]A6583 flux 


SFR 


Morphology 




(J2000) 




(mag) 


Class 




(10-1^ er; 


5S s~^ cm"^) 


(h-2 Mq yr-1) 




3 


13 11 25.354 - 


1 20 37.06 


17.90 


I 


0.192 


17.5 ±6.2 


17.0 ±5.3 


0.203 ± 0.072 


Sab 


4 


13 11 27.109 - 


1 20 58.42 


18.89 


I 


0.214 


19.4 ±6.3 


5.1 ± 5.1 


0.288 ± 0.094 


Scd 


6 


13 11 27.681 


1 21 07.19 


19.34 


I 


0.215 


13.9 ±6.2 


-0.9 ±4.9 


0.208 ± 0.093 


Sd 


7 


13 11 27.821 


1 20 07.76 


17.69 












E 



-25.6 < Mi < -17.6. The faint end of this limit corre- 
sponds to / = 22.5, which is where we limit our sample. Over 
this luminosity range, TM98 find 110/131=84% of galaxies 
have Ha flux greater than 3 x 10^^ ergs s~^. Thus, we 
normahse the CFRS HaLF so that 275 galaxies (84% of 328) 
have luminosities greater than this limit. TM98 correct their 
observed fluxes for reddening on a galaxy-by-galaxy basis, 
while we choose to present our data uncorrected for redden- 
ing; thus, for comparison we reduce the CFRS Ha fluxes by 
a factor of 2.0, corresponding to their average measured Ha 
extinction. Finally, TM98 also estimate a correction for flux 
missed by their l'.'75 aperture, which increases their fluxes 
by a factor which is 1.6 in the mean, but which can be as 
large as a factor of 4. As we do not correct for aperture ef- 
fects, W| roduoo the CFRS Ha fluxes hy a uniform factor of 



1.6, to InaVp a mcT-P fair rnmparrann ^^T^th ciir 9" apprtiTrpg 

Note that these corrections were not made in Paper I. The 
normalisation of the cluster HaLF is low, relative to that of 
the field, by a factor of ~ 5. Thus the total amount of on- 
going star formation in this cluster is much less than in the 
field, as found in most, i f not all, high-density environments 



(e.g.j_B p.logh ot al. 109 ?j- Poggianti ot al. lOO fll 



200C , F aperl) 



Martin ot al 



work on AC114 (Paper I) in Figure g. Our AC114 ob- 
servations are statistically complete (after application of a 
luminosity-dependent weight to account for membership and 
selection fractions) to J = 22.25 {Mr ~ -16.5 + 5 log ft). In 
the cosmology we use, this luminosity limit in A 1689 corre- 
sponds to / = 20.9, so the latter samples galaxies 1.6 mag 
less luminous than AC114. The AC114 HaLF is normalized 
to a total of 244 cluster members, the weighted number of 
members in A 1689 brighter than I = 20.9. Only Case I 
detections are considered. 

The number of galaxies detected in Ha is about two 
times larger in A 1689, than in AC114. The reason for this 
difference is not completely understood; both clusters have 



a lar g e fraction of blue galaxies (10-20%, Couch & Sharplei 
1987|; [Due et al. 200^ , and any effects of global evolution 



would lead to more star formation in the higher redshift 
cluster AC114, contary to what is observed. The most likely 
reason for the difference is in the dynamical state of the clus- 
ters. AC114 is highly elongated across the sky, but appears 
to be fairly relaxed. On the other hand, alt hough A 1689 
has a smooth, spherical X-ray morphology (Durret et al 



1994), there is clear evidence of su bstructure in the g a laxy 



distribution along the line of sight (Girardi et al. 1997; 



We also show a direct comparison with our previous et al. 2002), and it appears to be a dynamically active (i.e 



Due 
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Figure 2. The Ha luminosity function of A 1689, compared with 
that of the CFRS (TM98). Both the Case I (solid line) and II 
(long dashed line) functions are shown. The CFRS luminosity 
function is uncorrected for aperture effects and reddening, to al- 
low a fair comparison with our data. We also show this luminosity 
function renormalized to account for the different morphologi- 
cal composition of the cluster and field samples, as described in 
§y {short-dashed line). Finally, we show the luminosity function 
of AC114, from Paper I, renormalized to the number of cluster 



members in A 1689 brighter than / = 20.9, corresponding to the 
equivalent lUliiitiosity litnlt ih AC114. 



merging) cluster. We will explore this difference in detail in 
later work, when we compare the Ha properties of all four 
morphologically diverse clusters in our program. 



3.2 The Galaxy Distribution 

The dynamical properties of the Ha population are shown 
in Figure ^ where we compare the redshift distribution of 
the Class 1 Hq detections with that of t he magnitude lim - 
ited, T/— selected spectroscopic survey of Due et al. (2002). 
First, we point out that the velocity distribution of the clus- 
ter is highly non-Gaussian, with evidence for substruc ture 
in the foregroun d and background, as previously noted (Gi- 
rardi et al. 1997). Thus, the virialized cluster is probably less 
massive than naively expected from the very high v elocity 



dispersi on oia ' ^ 1080 km a "^ (IStmblc fc Rood 199' 



weak le going mooouiiomontD, | Clowo fc Sohnoidoj (000l | ) find 
that th e central structure is wall fit as an isothermal sphere 
with a = 1028 km s^^. Most interestingly, the Ha detections 
do not show a peak at the mean cluster redshift of z = 0.183, 
but rather appear to be associated with the substructure at 
~ 1600 km s~^ in front of and behind the cluster. They 
could either be associated with a galaxy population which 
is infalling at high velocity, or with approximately virialized 
subgroups ~ 20Mpc in front of and behind the main clus- 
ter. Either way, these galaxies are not virialized in the main 
cluster potential, but are likely to be in the process of being 
accreted. This provides good support for models in which 
cluster gradients in star formation activity is related to the 
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Figure 3. Top: The open histogram is the redshift distribution 
of the Class I Ha detections, while the shaded histoorarn is the 
distribution of the MIR detections from Fadda et al. {200C ). Bot- 
tom: The redshift distribu tion of the galaxies from the redshift 
sample of ( Due et al. 200^. The vertical do tted line is the mean 



cluster redshift from Strublc fc Rood (1999| ), z = 0.183. 



infall of galaxies (e.g., Balogh _ct al. 200C ; Ellingson et al 



2001). We also show in Figure p| t he redshift distrib ution of 



the galaxies detected in the MIR (Fadda et al. 200C). These 



galaxies show a similar distribution to the Ha sample, sug- 
gesting that they are tracing the same population. 

The spatial distribution of the targetted galaxies 
brighter than / — 22.5 is shown in Figure ^ The 
Ha detections in the low- and high-redshift substructures 
do not appear to correspond to spatially distinct struc- 
tures in projected position. If they do correspond to fore- 
ground/background structures, then, both of these are 
spread across our full field of view. 

In Figure ^ we show the weighted fraction of Class 1 
Ha detections as a function of distance from the central 
galaxy (#20), in Mpc. There is no evidence for a trend in 
the fraction of Ha emitters with radius out to ~ lh~^ Mpc. 
At all radii the fraction is less than ~ 50%, well below that 
of the field at this redshift, ~ 85% (TM98). A 1689 is a very 
massive cluster, with an estimated virial radius of ~ 2.8 
Mpc, based on a v elocity dispersion of 1028 km s~^ (Clowe 
fc Schneider 2001) and the virial rv-a relation of Girardi 



et al. (1998[ ). Thus, these observations are only probing the 
core, within 0.4r„, which may explain the lack of a strong 
gradient in e mission line galaxy fraction, relative to other 



Balogh et al. 1997). Furthermore, we reiterate 



studies (e.g. 

that the emission appears to be entirely restricted to the 
structures in the foreground and background of the main 
cluster, which serves to dilute any radial gradient present. 



3.3 Galaxy Morphologies 

HST imaging is available for 199 of the galaxies in our sur- 
vey brighter than / — 21. For purposes of presentation we 
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Figure 4. The spatial distribution of the targetted galaxies in 
A 1689, brighter than / = 22.5. The small dots indicate the po- 
sition relative to the central galaxy for each galaxy for which a 
spectrum was obtained. The filled circles are those galaxies which 



are known to be cluster members, from the spectroscopy of Due 
et al. (2 302). The large, filled symbols are those galaxies we de- 
tect at Ha; the filled squares are those with z < 0.185, while the 
filled triangles are those with z > 0.185. 
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Figure 5. The fraction of Case I Ha detections as a function 
of distance from the central cluster galaxy, for galaxies brighter 
than / = 22.5. The fractions are weighted to account for the 
varying sampling frequency and cluster membership as a function 
of magnitude and radius, as described in the text. Radial bins 
are of varying width, so that each bin includes an equal number 
(~ 60) of galaxies. The error bars in the vertical direction are 
computed assuming Poisson statistics, and those in the horizontal 
direction represent the size of the radial bin. 



have divided the galaxies into five classes: Elliptical (E), SO 
(including E/SO and SO/a), Sab (including Sa, Sb, Sab), Scd 
(including Sc, Sd, Scd and Irr) and Uncertain (usually be- 
cause the galaxy lies at the edge of the HST field). 

To determine the morphological distribution of the clus- 
ter population, it is necessary to correct for contamination 
from the foreground and background field. We will consider 
two ways of doing this. The first is to use the redshifts ob- 



tained by Due et al. (2002), and to only consider galax- 
ies within the redshift range z — 0.159-0.206. This limits 
our sample to 60 galaxies. The distribution of morphologi- 
cal types among confirmed cluster members is shown in the 
top panel of Figure |^. The cluster is dominated by early- 
type galaxies; only 20±6% of galaxies are of Hubble type Sa 
or later. In the bottom panel we show the fraction of each 
galaxy type that is detected in Ha. The detections are al- 
most entirely restricted to spiral galaxies; only 3/46 (6.5%) 
of the early-type galaxies are securely detected in Ha. 

Although the detection rate of spiral galaxies appears 
to be high, the uncertainties are large because of the small 
number (12) of late type galaxies in the sample. In particu- 
lar, there are only 2 Scd-type galaxies, so the 100% detection 
rate is very uncertain. Another approach is to make a sta- 
tistical correction similar to that used in 



2.1.4 



assummg a 

field morphological composition of 15% E, 20% E/SO, 30% 
Sab and 35% Scd as determined from the Medium Deep 
Survey morphological classifications t o an equivalent mag- 
nitude limit to that con sidered here (Abraham et al. 199C; 
Glazebrook et al. 1995). We describe this procedure more 



thoroughly in the Appendix. In Figure ^ we show the ana- 
logue of Figure but now using the larger sample and 
statistically correcting for the field contribution. The con- 
clusions are similar, and it is encouraging that the fraction 
of cluster spiral galaxies is 22±4%, in excellent agreement 
with the fraction determined from the subsample with red- 
shifts. The detection rate for Ha emission from Sab and Scd 
galaxies is very high, greater than 90%. The fraction of early 
type galaxies securely detected in Hq remains below 10%. 
We therefore find no difference between the fraction of late- 
type cluster galaxies detecte d in Ha and the high fractions 
seen in local field samples ( Kennicutt 1992|;_ Jansen et al 



200C ) , a result we discuss in more detail in 



3.4 Mid-Infrared Sources 

Of the 522 galaxies targeted, 29 were known MIR s ources, 
from the /SO C^M observations of [Faddaet al. (2000| ). Nine- 
teen of these have measured redshifts z = 0.158-0.224, so 
any Ha emission will lie within our observable wavelength 
range (although we note that galaxies at z > 0.206 are be- 
hind the cluster as we have defined it). Another two MIR 
sources, which did not have known redshifts, were detected 
in Ha, bringing the total number of MIR sources which lie 
in the observable reds hift range to 21 
MIR fluxes from 



Fadda et al. (200C) are available at 



6.7/im and 15/im wavelengths, termed LW2 and LW3. Emis- 
sion in the redder band comes predominantly from hot dust 
while the 6.7 fluxes are dominated by stellar emission 
and aromatic carbon compounds related to star formation 
in late-type galaxies. Normal spiral galaxies at z ~ 0.2 
are expected to have typical flux ratios of Lis^jm/ie.TMm < 
3.2, while starburst galaxies should have relatively stronger 
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Figure 6. (a) Top panel: The n umber of galaxies brigliter than 7 = 21 as a function of Hubble type is shown for confirmed cluster 
members, from the spectroscopy of Due ct al. (2002). Bottom panel: The fraction of spectroscopically confirmed cluster galaxies of 
each type securely detected in Ha. (b) Similar to (a) but for the full LDSSH — h and HST sample, with a statistical field correction as 
described in the Appendix. Shown in the top panel is the observed morphological distribution (dashed line) and the distribution after 
making the statistical background subtraction (solid line). 
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Figure 7. The ratio of the MIR flux at Ib^im to the flux at fi.Tttm 



as a fu nctio n of 6.7^m flux for the 21 ISO sources from Fadda 
et al. {:^000), included in the present study. The filled symbols 
represent those galaxies we have detected in Ha emission, while 
the remainder are shown as open circles. The horizontal, dashed 
line shows an approximate division between normal spirals (be- 
l ow the line) and ga laxies dominated by a hot-dust component 
( Laurent ct al. 2000| ). 



15/im luminosities (Due et al. 200i; Laurent et al. 2000) 



Spectra of dust-enshrouded AGN are also expected to be 
dominated by a hot dust component, with aromatic car- 



bon ban ds similar to those seen in Hll regions ( Tran et al 
200l[)71\.hhough the dust temperature and grain size distri- 
bution are expected to be different depending on whether 
the heating mechanism is star formation or an AGN, it is 



not possible to distinguish t he two mechanisms based only 
on the I/i5fim/i6.7M"t ratio (Laurent et al. 2000). 



The MIR properties of the 21 ISO sources observed 
with LDSS-I--I- are shown in Figure ^. All but two of these 
sources are detected at 6.7/im, while only eight are detected 
at 15pim. Half of the galaxies detected at 15/im are uimsu- 
ally bright at 15/im, relative to that expected for normal 
spiral galaxies. These spectra are likely dominated by a hot 
dust component, although it is not clear from these data 
alone whether the dust is heated by star formation or by nu- 
clear activity. In Figure ^ we show the continuum-subtracted 
LDSS-I--I- spectra of the eight 15/im sources, and the 13 re- 
maining galaxies detected only at 6.7/im. Morphological and 
spectral classifications are labelled next to each spe ctrum. 
The spectral classifications are from Due et al. (2002), while 
the morphologies are our own classifications. 

Of the 13 MIR galaxies which are only detected at 
6.7/im, only 5 (38.5%) show Ha emission. The remainder 
are early- type galaxies (E or SO), two of which clearly show 
Hq in absorption. Thus it seems likely that the 6.7/im hght 
is dominated by stellar emission, and does not directly trace 
the hot dust component. In stark contrast with this, all 
eight of the 15/xm-detected sources are spiral galaxies se- 
curely detected in Ha. Thus, our deep Ha survey recovers 
all the potentially-detected star forming galaxies found by 
ISOCAM. 

From Figure ^b, it is evident that many of the 15/.im 
galaxies have atypical spectra in the region of Ha. ISO#41 
has very broad Ha e mission and was previously identified 
as a Seyfert 1 galaxy ( puc et al. 2002 ). Object #31 has a 
particularly unusual Ha line profile. Ha emission is detected 
at 7729A, correspond ing to a redshift z — 0.1777; however. 



the redshift given by Due et al. (2002), 0.1757, places Ha 



at the absorption trough at 7716A. Therefore, it appears 
that the nebular emission is offset from the stellar absorp- 
tion by ~ 500 km s~^. Three other galaxies, IS0#3, 10 
and 37, show unusuUy strong [Nll]A6583 emission; in Fig- 
ure ^ we show the ratio of [Nn]A6583 to Ha, as a function 
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Figure 8. Continuum-subtracted, rest frame LDSSH — h spectra of galaxies detected withlSOCAM. The top row in each box shows the 
ISO id number of the galaxy. Th e next number is the total Ha flux in units of 10*" ergs s~^, followed by the morphological classification 



and the spectral classification of Due et al. (2002). A vertical solid line, and two dashed lines, identify the Ha and [Nil] lines, where Ha 



is detected. Panel (a) shows the 13 sources detected only at 6.7/im. Panel (b) shows the eight galaxies detected at 15/im; all but two 
(ISO# 4, 28) are also detected at 6.7/xm. IS0#6 and #4 are associated with a structure behind the cluster at 2 = 0.215. 



of Hof luminosity, for all galaxies with Ha fluxes above our 
detection limit. Note that the relative strength of [Nil] and 
Ha are not accurately measured for the broad-lined Seyfert 
ISO#41, as our method is appropriate only for narrow lines. 
Galaxies detected with ISOCAM are shown with error bars. 



Veilleux & Osterbrock (1987) have shown that galaxies in 
which [Nll]A6583/iyQ > 0.55 are almost always associated 
-thermal 



emission (i.e. 



Seyfert, LINERS and 



with 

row l in b radio galaxioa) , rather than with Hll rogiona (ooo 



3.5 Post-starburst Galaxies 

We finally consid er the Hq proper ties of those galaxies iden- 
tified as k-|-a by Due et al. (2002 ). These are galaxies with 
little or no [On] emission, but strong Balmer absorption lines 
which indicate the presence of young stars. Such spectra 
have been interpreted as reflecting a post-st arburst state 
(ICouch fc Sharpies 1987 ; Poggianti et al. 199£ ; Balogh et al 



also Kewley et al. 2001). Four of the MIR sources (includ- 
ing the 6.7/im source ISO#12) have ratios greater than this 
limit, although the la error bars overlap this line. However, 
the Ha fluxes are not corrected for stellar absorption, and 
thus the [Nil] A6583/Hq: ratio is an overestimate. In particu- 
lar, the galaxy numbers 31, 37 and 10 are known from their 
f ull optical spectr a to have strong Balmer absorption lines 



(Dt 



al. 200^ . These three galaxies are all congistent 



with [ Nil] A6583y^Ha' < 0.55 if the absorption correction 
at least 3A, which is not unreasonable. Therefore, the only 
galaxy for which we have unambiguous evidence for a non- 
thermal contribution to the Ha emission is ISO #41, which 
was pre viously known to be a Seyfert I galaxy (Due et al 
200-$~\ 

We also show in Figure |^ the Ha-emitting cluster 
members within the ISOCAM field of view which are un- 
detected in the MIR. All but one of these has Lho < 
10*° h~'^ ergs s"\ below the sensitivity of the /SOCylM sur- 
vey, 0.15 mjy in the 6.7^m band. Thus, the ISOCAM snrvey 
is nearly complete in the detection of galaxies with Ha emis- 
sion greater than this luminosity limit, a result we discuss 
further in §^ (see Figure [ll|). 



19991), or as dust- obscured starbursts ([Poggianti fc Wu 200C|: 



Small et al. 1999). We observed six galaxies classified in this 



way, and we show their continuum-subtracted spectra in the 
region of Ha in Figure |l^. Only one of these galaxies, the 
6.7/xm source ISO#12, was securely detected in Ha. The 
Ha luminosity of this galaxy is very low, at 0.3 x 10*^/1"^ 
ergs s~^, corresponding to a star formation rate less than 
0.1h~^ Mq yr~^. Ha absorption is evident in all the remain- 
ing sp ectra except ^ 3828. In comparison, Balogh & Morris 



(2000| ) found that at least 2/6 of their k-|-a galaxies show Ha 



emission. Ho wever, their definition o f a k-l-a galaxy is stricter 
than that of Poggianti et al. (1999 ), which was adopted by 
Due et al. (2002 [); further more, only ISO#1 2 is listed as a 
"confident" k-fa galaxy by Due et al. (2002| ), while the re- 
mainder are of uncertain classification. Hence, it is difficult 
to draw strong conclusions; but it is clear that there is little if 
any ongoing star formation in these galaxies, although they 
must have had at least some star formation in the recent 
past to give rise to the strong Balmer absorption. 



4 DISCUSSION 

Figure ^ demonstrates that, as was the case for the z = 0.31 
cluster AC114 (Paper I), the number of Ha emitters in 
A 1689 is well below that expected from the surrounding 
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Figure 9. The ratio of [Nil] A6583/Ha, for galaxies with Ha and 
[No] flux above our detection limit. No absorption correction is 
applied, so these measurements overestimate the line ratio, par- 
ticularly for the galaxies # 31, 37 and 10, which are known to 
have str ong Balmer absorption. Galaxies detected with ISOCAM 



are sho\rn as solid points with error bars; the ISO identification 



number from [Fadda et al. (2000 ) is also shown. Open symbols 
are galaxies which lie within the ISOCAM field of view, but 
are not detected in the MIR. Crosses represent galaxies outside 
the ISOCAM field, so no MIR data is available. The horizontal, 
dashed line shows the flux ratio which divides non-thermal emis- 
sion sources from line emissio n due to star formation, as labelled 
(Veilleux fc Osterbrock 1987). 



field, by about a factor ~ 5. It is interesting to explore 
whether or not the difference between the cluster HaLF 
and that of the CFRS field can be entirely attributed to 
the difference in morphological composition. If we make the 
reasonable approximation that star formation is restricted 
to galaxies of type Sa or later (see § 3.3), then we can renor- 
malize the CFRS HqLF as suming that 65% of field galaxies 
at ~ 0.2 are o f thi s type (Abraham et al. 199f ; Slazebrook 
et al. IS 95). In §3.3 we determined that ~ 20% of the cluster 



members in our Ha survey within the HST fields are of type 
Sa or later. Since the HST mosaic covers an area comparable 
to that of the LDSSH — h field, we can appropriately renor- 
malize the CFRS HqLF, as shown as the short-dashed line 
in Figure ^. This renormalization reduces the discrepancy 
between the field HaLF and that of A 1689, but does not 
remove it; Ha emitters are still > 50% more abundant in 
the field. This discrepancy cannot be explained by assuming 
that star formation, in both the field and cluster, is mostly 
restricted to galaxies of type Sc or later. If this were the 
case, the CFRS HaLF of Figure | would be ~ 50% higher 
than assumed in Figure |. 

Thus, it appears that the lower star formation rate 
of the cluster galaxies is not due only to the difference in 
morphological composition, relative to the field. The next 
step is to look for evidence that Ha emission in galax- 
ies of a given morphol ogical type is lowe r in clusters, rel- 
ative to the field (e.g., Balogh et al. 1998). We will do this 
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Figure 10. Continuum-subtr acted, rest-frame LDSSH — h spectra 
of galaxies classifled k+a by |Duc et al. (200^ . Only galaxy 12 
(a 6.7/im ISO source) is confidently classified k+a, and this is 
the only galaxy detected at Ha. The vertical, solid ines show 
the ex pected position of Ha based on the redshifts of 
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Due et al. 



by comparing our data with the local field galaxy sample 
of Jansen et al. (20_0C). Our sample is 50% complete to 



/ = 21 (see Figure |l^), which corresponds approximately 
to Mb = — 15.9 -f 5 log fa, using the colour transformations 



Fukugita et al. (1995 ) . There are 173 galaxies in the sam- 



ple of Jansen et al. (2000) brighter than this limit, and we 
take this as our comparison sample. 

If we adopt the statistical background subtraction 
method and consider the results of the full sample (Fig- 
ure ^) , the fraction of late-type galaxies in A 1689 detected 
in Ha is > 90% although this fraction is not very well de- 
termined, due to the small number of late-type galaxies and 
th e uncertainty of the background correction. In the sample 
of Jansen et al. (2000), 104 of the 121 galaxies brighter than 



Mb = —15.9 + 5 log h classified as Sa or later show Ha emis- 
sion with Wa{Ha) > 2k. This fraction, 86%, is in excellent 
agreement with our results for A 1689. Thus, we do not find 
evidence that the few spiral galaxies in A 1689 are less likely 
to have Ha emission, relative to their field counterparts. 

Turning our attention to the early-type galaxy popula- 
tion, Jansen et al. find that 5/17 of their ellipticals and 7/25 
of their SO galaxies brighter than Mb = —15.9 + 5 log h show 
Wo{Ha) > 2k. Thus, 28% of their early-type galaxies show 
Hq emission, compared with less than 10% in A 1689 cluster 
early-types (Figure |^. Even rejecting the three early-type 
galaxies in Jansen et al.'s sample with Seyfert nuclei, the 
fraction of early-type galaxies with Ha emission is still twice 
as large as the fraction we find in A 1689. 

These results suggest that the difference between the 
A 1689 HaLF and that of the CFRS, corrected to the same 
morphological composition, may be due to the fact that clus- 
ter E and SO galaxies exhibit Ha emission less frequently 
than their field counterparts. This cannot be tested directly, 
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Figure 11. The Ha luminosity function of A 1689. restricted t o 
the area covered by the ISOCAM survey of Fadda et al. {200C). 



We compare this with the Ho luminosity function of those galax- 
ies detected in the MIR. 



as we do not have morphological classifications of the CFRS 



sample, and we d epend upon the MDS sample of Abra- 
ham et al. (1996) being complete and representative, rel- 
ative to the CFRS sample of TM98. However, we note that 
our results are in agreement with independent evidence from 
absorption line analysis that suggests that field early-type 
galaxies have younger ste llar populations on a ,verage than 



their cluster counterparts (Abraham et al. 1999; Trager et al 



200C ; K untschner et al. 2002). Our result s could also be con- 
sistent with those of Balogh et al. (1998), who showed that 
disk-dominated galaxies in clusters have lower [On] emission 
than analogous galaxies in the field, if a substantial number 
of those disk-dominate d galaxies are SO. On the other hand, 
Poggianti et al. (1999) found that the low star formation 
rates in clusters at z; ~ 0.4 could be attributed to a large 
population of passive spiral galaxies. Our results do not ap- 
pear to be consistent with such a population, although this is 
strongly dependent on the statistical su btraction of the fi eld. 
Using only the spectroscopic sample of Due et al. (2002 ) we 



find th at only 60% of Sab galaxioe are dotoctod in Ha; it 



would me intprpsting to see if this holds for a larger sample 
of confirmed members. 



We now con sider the claims of Fadda et al. (200C ) and 



Due et al. (2002), that much of the star formation in A 1689 
is obscured by dust, and detectable in the MIR. We first 
reiterate that our observations are very sensitive to low 
Ha fluxes, and we would detect a galaxy with a star for- 
mation rate greater than ~ 3Mq yr~^ unless it was ob- 
scured by more than 7 magnitudes of dust. We show the 
HqLF of our full s ample, restricted to the 3' field of the 
ISOCAM survey of |Fadda et al. (2000| ), in Figure 0. We 
compare this with the HaLF of galaxies detected in the 
MIR, within the same area. This demonstrates that the 
MIR catalogue is approximately complete to Ha luminosi- 
ties Lna > 10*'' ergs s~^. However, our Ha survey is at 
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Figure 12. A comparison of star formation rates estimated from 
the Ha emissio n line and those determined from 15/im fluxes 
jPuc ct al. 2002[ ). The Ha-derived star formation rates assume an 
extinction of 1 magnitude. Open symbols are those galaxies with 
either broad Ha emission, or [Nll]/Ha > 0.55, possibly indicative 
of significant non-thermal contribution, in which case both star 
formation rates are overestimates. The ISO identification number 
is shown next to each point. The horizontal, dotted lines show 
the expected offset if the extinction is 0, 1 and 3 magnitudes at 
6563A. 



least four times more sensitive and detects twice as many 
star forming galaxies in this volume (which contribute an 
additional 16% to the total amount of star formation). 

In Figure ^ we compare star formation rates measured 
from Ha wit h those measured from 15/xm luminosities, as 
estimated by |Duc et al. (2002 ) . We have increased the pub- 
lished MIR star formation rates by a factor of 1.3 to account 
for the different cosmologies assumed. For those MIR sources 
with a fiux ratio Fis/Fx' < 0.2 we reduce the MIR-derived 
star formation rate by a factor of two, to correct for photo- 
spheric emission^ 

If the dust giving rise to the MIR emission is heated pre- 
dominantly by star formation, then our direct comparison 
with the Ha fiuxes supports the conclusions of Puc et al 



(2002| ) and Fadda et al. (2000 ), that optical line emission 



underestimates the star formation in 15fj,m sources. Star for- 
mation rates estimated from the Ha line (which include a 
correction for 1 magnitude of dust extinction) are lower than 
those derived from the 15/jm data by a factor of between 2 
and 20 for most of the galaxies. If we were to correct the 
observed Ha fiuxes for an assumed 5 A of stellar absorption, 
this would reduce the discrepancy to a factor of 1.7-10. The 
effect is more severe for star formation rates determined from 



^ Due et al. actually recommend this correction be made for 
galaxies with Fis/Fj^/ < 0.1, but the only two other sources 
affected by our more generous limits are actually upper limits on 
the fiux ratio. 
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the [On] emi ssion line, where the underestimate is a factor 
of 10 to 100 (|Duc et al. 2002|). 



This suggests that some of the MIR-detected galaxies 
could be obscured by up to 3 magnitudes of extinction at 
6563A. The main remaining difficulty is to understand how 
much of the MIR emission in the ISOCAM sample arises 
from non-thermal activity. For galaxies of this luminosity, 
a 30% contribution to their bolometric infrared lumino sity 
from AGN-heating is not unreasonable (Tran et al. 2001); in 



this case, the SFR estimated from both the MIR luminosity 
and the Ha luminosity are overestimated. However, even if 
galaxies are bolometrically dominated by star formation, the 
bulk of their 15^m emission could still be comin g from an 
AGN, e spec i allv in a MIR-selected sample (but see Spinoglio 



et al. 1995; Chary fc Elbaz 2001). There are currently no 



published wide-field, local MIR surveys which can directly 
addres s this question, although such studies are underwa y 



(e.g., Aussel fc Alexander 2001 La Franca et al. 2002) 



Preliminary results from the ELAIS survey suggests that 
only ~ 30% of 15/im sources are AGN-dominated, while 
45% are starbursts and 15% are absorption line galaxies ( [La| 
Franca 3t al. 2002). However, this mix is likely to be strongly 
redshift-dependent, and the AGN contribution at 2 ~ 0.2 
depends on which of the AGN or st arburst population i s 
evolving more strongly with redshift (Roche fc Bales 1999). 



For at least one of the eight 15/im-detected galaxies in our 
Hq sample (ISO# 41) there is a clear contribution to the 
dust heating from an AGN source, and this could hold for up 
to half of the sample (including ISO# 3,10, 37), depending 
on the uncertain correction for stellar absorption and the 
usefulness of the [Nil] A6583/HQf ratio as an indicator of non- 
thermal emission. 



5 CONCLUSIONS 

We have obtained LDSS-|--|~ spectroscopy for 522 galaxies 
over a field coverings l.lxl.l/i"^ Mpc in the z=0.18 cluster 
A 1689. We find the following results: 

• 24±4% of cluster members more luminous than Mr = 
— 16.5 + 5 log ft, statistically weighted to account for 
sampling-related selection effects, are confidently detected 
in Hof emission above a fiux limit of 4h~^ x 10^* ergs s~^, 
corresponding to a limiting star formation rate of 0.008 
Mq yr~^, assuming 1 magnitude of extinction. 

• The normalization of the cluster Ha luminosity function 
{z = 0.18) is a factor of ~ 5 lower than that of the field at 
z ~ 0.2, from TM98, and a factor of ~ 2 higher than that 
in our previous study of AC114 (2 = 0.31). 

• From the 199 galaxies for which we have HST WFPC2 
morphologies, as well as LDSS+-f spectroscopy, we deter- 
mine that ~20% of the cluster members (regardless of their 
Ha properties) are of type Sa or later, much less than the 
~ 65% expected in a sample of field galaxies. Like their field 
counterparts, these spiral galaxies have a high incidence of 
Ha detection, ^ 90% . On the other hand. Ha emission in 
early-type galaxies (E and SO) is less frequently observed 
than in similar gala xies in the field, based on the sample of 
Jansen et al. (2000|) . 

• After renormalizing the CFRS HaLF (TM98) to ac- 
count for the difference in morphological composition be- 
tween the field and cluster samples a ~ 50% deficit of clus- 



ter galaxies with Ha emission remains. Combined with the 
high incidence of emission in cluster late-type galaxies, this 
suggests that the star formation rates of early-type cluster 
galaxies are suppressed, relative to their field counterparts. 

• All of the galaxies detected in the 15/im mid-infrared 
band with ISOCAM are detected in Ha. The MIR survey of 
Fadda et al. (2000) selects an approximately complete sam- 



ple of Ha-emitting galaxies with Lna > 10 h~ ergs s~ . 
Our deep Ha survey probes ~ 4 times fainter than this, 
doubhng the sample of detected star-forming galaxies and 
recovering an additional ~ 16% of all Ha emission in the 
cluster. 

• The population of Ha-emitting galaxies in A 1689 ap- 
pears to be associated with substructure in the immediate 
foreground and background of the cluster. The MIR detec- 
tions trace the dynamics of the Ha population, suggesting 
that they are related. 

• Star formation rates derived from 15/im emission, ne- 
glecting a significant non-thermal component, are a factor 
2-20 larger than those estimated from Ha, assuming 1 mag- 
nitude of extinction. This difference is reduced to a factor 
< 10 if we account for an assumed 5A underlying stellar ab- 
sorption. Both star formation rate estimates may be over- 
estimated if there is a significant contribution to the dust 
heating from AGN, for which there may be evidence in up 
to 50% of the eight 15/im sources we observe in Ha. 

In summary, the star forming galaxies in the core of 
A 1689 are significantly rarer than in the surrounding field. 
This may be due primarily to a suppression of star forma- 
tion in SO or elliptical galaxies. Our deep Ha survey finds 
all 15/im MIR sources catalogued in this region, so there 
is no evidence for any star formation completely hidden 
at Ha, although the estimated star formation rates from 
Ha may be too low by assuming standard extinctions. This 
depends, however, on the largely unknown contribution of 
AGN-heated dust to the MIR flux. 
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APPENDIX A: A STATISTICAL, 
MORPHOLOGICALLY-DEPENDENT 
BACKGROUND CORRECTION 

The redshifts of most galaxies in our sample which are not 
detected in Ha are unknown; therefore a statistical correc- 
tion needs to be applied to account for the fact that some 
of these will be field gal axies in the foreground and back- 
ground of the cluster. In §2.1.4 we computed this correction 



Table Al. Statistical field corrections at / = 19 



for the global population by comparing the num ber counts 
in our field with those of Metcalfe et al. (1991). However, 



when we consider galaxies of a fixed morphological type 
we need to consider the different morphological composi- 
tion of the field. We take this fro r n the Medium Deep Sur - 



vey (MDS, [Abraham et al. 1996[ [Glazebrook et al. 1995| ) 



The MDS comprises visual morphological classifications of 
a magnitude- limited field sample, from a survey of serendip- 
itous WFPC2 fields. These classifications are on the same 



scheme to th at used here, as shown by comparisons in 3mai] 
et al. (1997). As in §3.3, we will consider four classes: El- 
liptical (E), SO (including E/SO and SO/a), Sab (including 
Sa, Sb, Sab) and Scd (including Sc, Sd, Scd and Irr). Over 
the magnitude range I = 17-21, the field population is com- 
posed of 15% E, 20% SO, 30% Sab and 35% Scd, with only 
a small dependence on limiting magnitude. This is in rea- 
sonably g ood agreement with the distributions for the local 
field from [Whitmore et al. (1993|) (1 8% E, 23% SO and 59% 



Marzke et al. (1994) (10% E, 30% SO, 40% 



later types) and 
Sab, 20% Scd at M*). 

Using the total field contamination estimate from Fig- 
ure |l^, we can then determine the fraction of galaxies of each 
morphological type which are expected to be cluster mem- 
bers. From this number we subtract the fraction of galaxies 
of that type which we detect in Ha, yielding the fraction of 
undetected galaxies of that type which are expected cluster 
members. We show some sample numbers relevant to this 
calculation in Table Al. The first three columns show the 



galaxy type, the number and fraction of that type in the 
sample (ignoring the Uncertain class), and the number of 
galaxies detected in Ha. The rest of the calculation is best 
illustrated by a couple of examples. For this purpose, we 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


Type 






/field 


/cluster 


fiioHa 
Jclustor 


E 


54 (27%) 


2 


6 


78 


74 


SO 


79 (40%) 


4 


8 


80 


75 


Sab 


28 (14%) 


7 


12 


14 





Scd 


38 (19%) 


10 


12 


37 


11 



will assume the field contributes 40% to the sample, which 
is the case at / ~ 19 (Figure ^a). Using the population mix 
presented above, we calculate that 6% of all galaxies in our 
sample are field ellipticals; this number is shown in column 
4. We measure that 27% of our galaxies are ellipticals (col- 
umn 2); therefore, we expect (27 — 6)/27 = 78% of these to 
be cluster members, and this number is shown in column 5. 
Only 2/54 = 4% of these ellipticals are detected in Ha, so 
we expect 78 — 4 = 74% of the undetected population to be 
cluster members. This final number is the one we are most 
interested in, and it is given in column 6. For the Scd class, 
this number is much smaller. We compare our measured frac- 
tion of 19% with the expected fraction of field Scd galaxies 
in our sample, 12% at / ~ 19, to determine that only 37% 
of Scd galaxies are cluster members. Since we detect Ha in 
26% of these galaxies, we conclude that only 11% of the 
undetected Scd galaxies are cluster members. In practice, 
these calculations account for the magnitude-dependence of 
the field contamination, and include the weights for t he sam - 
pling fraction as a function of luminosity and radius (jj2.1.4 ) . 



Also, in some cases (see the Sab example in Table Al), the 
expected fraction of undetected cluster members is less than 
zero, reflecting the uncertainty and variation in the field 
composition. In this case, we assume that none of the unde- 
tected galaxies belong to the cluster. 



